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The vacancy distribution and types of magnetic ordering in iron sulfides in the UxFe, _ xS system
(0.091 = x < 0.119) are studied by the nuclear gamma-resonance technique. The hyperfine structure
components are ascribed to structurally and magnetically nonequivalent iron positions which differ in
the number of vacancies in their immediate vicinity, It is shown that the Fe,, 4,,S phase is ferrimag-
netic with long-range order in the vacancy distribution (NiAs structure with monoclinic distortion). In
hexagonal (NiAs type) Fe, g00S, the ferrimagnetic properties are ascribed to coexistence of ordered
and disordered states within a single phase. Below a certain minimal vacancy concentration (x < 0.096)
the ordered state is completely destroyed and the substances become antiferromagnetic. Transforma-
tion of the antiferromagnetic phase Fe, oS, intoaferrimagnetic one (anti-Curie point) is accompanied
by partial vacancy ordering in the absence of long-range order, as in the case of Feg, g,S.

1, INTRODUCTION

IRON sulfides OxFe, -xS (0 = x<0.125; O denotes a
vacancy!® 21) have no unified magnetic structure and
differ in the type of magnetic ordering depending on the
vacancy content Xx. The group of sulfides with 0.04 <x
< 0.1 is characterized by a hexagonal close-packed an-
ion matrix, in the octahedral interstices of which the
iron ions are located (structure of the NiAs type).[*!
Indirect (or superexchange) cation-anion-cation inter-
actions lead to mutually antiparallel orientation of the
electron spins in alternating layers parallel to the ba-
sal plane.'?! Such sulfides are antiferromagnetic.

Compounds with a smaller content of iron, and con-
sequently with a larger number of vacancies (the group
with 0.1 S x =< 0.125) have spontaneous magnetization
with a Curie temperature T¢ that increases with in-
creasing x.'*? In interpreting the ferrimagnetic prop-
erties of the last compound of this group, FesSg
(x =0.125), Bertaut proposedt®? that the vacancies are
arranged in the iron positions in an orderly fashion, re-
peating in each second layer of cations. As a result of
the difference in the numbers of iron ions with opposite-~
ly directed spins, an uncompensated magnetic moment
is produced, For intermediate compositions of this
group (0.1 £ x<0.125), we know of no published data on
the distribution of the vacancies and on the magnetic
structure.

We present in this paper the results of investigations
of natural sulfide crystals OxFe, _xS (pyrrhotines) in
the concentration interval 0.091 < x < 0.119 by the Moss-
bauer method. It was of interest to investigate the dis-
tribution of the vacancies in the pyrrhotines and the in-
fluence of this distribution in the crystal structure and
on the character of the magnetic ordering.

The y-resonance spectra of the sulfides revealed a
transition from a hexagonal structure to a monoclinic
one with increasing vacancy concentration. At interme-
diate vacancy concentrations (x ~ 0.1), we observed a
partial ordering of the vacancies, namely, alternation of
layers having vacancies with layers containing no va-
cancies. '

We present in this article three typical y-resonance
spectra corresponding to three different types of va-
cancy distribution in pyrrhotines. Principal attention
has been paid to an investigation of the dependence of
the parameters of the magnetic hyperfine structure
(hfs) of the y-resonance spectra on the vacancy concen-
tration and distribution, We discuss the relation between
this distribution and the type of magnetic ordering. Cer-
tain samples were additionally investigated by the x-ray
diffraction method.

2. EXPERIMENT

We chose for the investigations a group of natural
UxFe, - xS crystals. The relative concentration of the
iron in these crystals was determined from the inter-
planar distance di2 on the basis of an analysis of the
diffraction patterns obtained with the URS-50 diffrac-
tometer. We used the K, line of iron. The dependence
of the content of the metal (Fe) in the sulfide on the
value of di2 was approximated by a second-degree poly-
nomial, the coefficients of which were determined by
least squares from the experimental data.[* 5]

The obtained dependence was used to determine the
composition of the sulfides having a hexagonal struc-
ture. In those cases when the diffraction patterns con-
tained lines corresponding to the monoclinic structure,
the samples (naturally, after obtaining the Mossbauer
spectra), were heated (15 hours) to 600°K in evacuated
quartz ampoules and were subsequently quenched. This
transformed the monoclinic sulfide into hexagonal. The
absence of a monoclinic phase was verified by using the
magnetic powder -pattern method and measuring the
microhardness and the reflectivity of the samples proc-
essed in this manner.

The sample Feg gs:S had a monoclinic structure with
a superstructure of the type 4c characteristic of the or-
dered Fe:Sg.[?1 The remaining compositions were hex-
agonal with a lattice of the NiAs type. The y-resonance
spectra were plotted at room temperature using a spec-
trometer with an electrodynamic vibrator. The source
was Co”’(Cr). To determine the type of the magnetic
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structure of the sulfides, external magnetic fields were
also used when plotting the Mossbauer spectra.

The y-resonance spectra of sulfides with different
compositions (Figs. la—c) present a complicated pic -
ture of superposition of several Zeeman sextuplets. In
a relatively small interval of vacancy concentrations,
the three-component resolved magnetic hfs character-
istic of Feo.ss1S (A, B, and C of Fig. 1a) goes over into
an unresolved structure with broadened lines (Feo, 9005,
Fig. 1c). In the case of the first two compositions
(Figs. la, b) the splitting and relative intensity of com-
ponent A of the hfs remain practically unchanged. At
the same time, the relative intensities of the other com-
ponents change radically in these two spectra. Additional
components with close parameters appear.

3. DISCUSSION

In the interpretation of the y-resonance spectra we
made the following assumptions: 1) each group of fixed
lines in the Mossbauer spectrum corresponds to a def-
inite position of the iron, characterized by the same
number of vacancies in the nearest neighboring sites;
2) in counting the number of nearest neighbors, it suf-
fices to take into consideration only those with which
the given ion forms indirect exchange bonds; 3) the
minimum hyperfine magnetic field pertains to cations
having the maximum number of vacancies in the nearest
neighbors; 4) the probabilities of the possible configu-
rations of the nearest surrounding of the iron, at a sta-
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FIG. 1. Gamma-resonance spectra of compounds of the system
OyFe xS (T = 300°K): a—x = 0.119, b—x = 0.100, c—x = 0.091, d—
spectrum after quenching the sample with x = 0.191 from the tempera-
ture T of the phase transition. The position of the lines of the magnetic
hyperfine structure components (A, B, C and Ay, A,, A, ) are separated.
The vertical lines running through the entire picture represent the posi-
tions of the first and sixth lines of the A component of the hyperfine
structure.
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tistical distribution of the vacancies, are determined by
a binomial law (similar to that described in °?); 5)the
investigated compositions are single-phase.

Computer reduction of the spectra within the frame-
work of the foregoing assumptions has resulted in a
satisfactory agreement with the experimental data.

1. Distribution of Vacancies and Hyperfine Field in
Feg,gg1 S

The sulfide Feo.08s1S has a monoclinic structure and
is close in composition to the ordered FesSs. The crys-
tal structure of Fe;Sg is shown in Fig. 2.1%71 The or-
dering of the vacancies in the iron positions corre-
sponds to the space group C2/. A sulfide of this com-
position has a pseudohexagonal unit cell with small mo-
noclinic distortion. The cell contains four Fe;Sg mole-
cules. The sulfur ions are arranged between the cation
layers in such a way that each iron atom is coordinated
octahedrally. The sulfur positions are shown in the
projections of the two neighboring planes of the unit
cell, The iron ions occupy four nonequilibrium positions
4e, 8f,, 8f2, 8fs, with population ratio %:1:1:1. The
crystallographic nonequivalence of the positions is due
to the difference in the number of cations and vacancies
in the nearest surrounding.

The indirect exchange coupling is realized between
cations of neighboring planes (coupling angle ~ 135°) and
leads to antiferromagnetic orientation of the magnetic
moments of the nearest neighbors.[zl The weaker in-
teractions within the plane, and also the direct cation-
cation interactions between the planes, can be neg-
lected.!® 71 From this point of view, the iron ions in
positions 4e and 8f, have no vacancies among the nearest
neighbors and are coupled by 12 exchange couplings
(6 above and 6 below) with the 8f> and 8f; cations. The
iron ions in the positions 8f, and 8f; have in the imme-
diate surrounding 4 and 2 vacancies, respectively, and
are characterized by 8 and 10 exchange couplings.

Thus, the positions 4e and 8f, are magnetically
equivalent and therefore have identical parameters of
the hyperfine interaction on the Mossbauer spectrum
(A component of the hfs, Fig. 1a). This relation is con-
firmed by the fact that the hfs parameters of stoichio-
metric FeS (x =0),!®! where all the cations are equiv-

o fe;Ap;4e
o fe; Ag; 8f,
o Fej B ; 8f,
® Fe; Cj 8f;
O Vacancy
85 072
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FIG. 2. Pseudohexagonal structure of Fe,Sg according to Bertaut
[3]. The iron ions are located at the centers of distorted octahedra of
sulfur ions. The sulfur positions are shown in the projections of the two
neighboring planes.
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alent, are close to the parameters of the A component
of the Feo.gs1S under consideration. The presence of
vacancies in the nearest neighbors of the positions 8f.
and 8f; leads to a decrease of the hyperfine fields (B
and C components of the hfs), The ratios of the compo-
nent intensities Ij, A:B:C =1.,5:1:1, that follow from
the given model are comparable with those observed in
experiment (1.34:1.00:1.02, see the table). Thus, the
sextuplets A, C, and B pertain to iron ions which have
0, 2, and 4 vacancies, respectively, in the nearest sur-
rounding.

The dependence of the magnitude of the hyperfine
field on the number of vacancies among the nearest
neighbors may be due to different exchange energies,
and consequently to a difference in the mean value of
the spin of the iron ({S;)) in each of the positions (at
T/T¢ ~0.5).121 A contribution to the hyperfine field
may come also from the hyperfine interaction trans-
ferred through the sulfur iron,!°? but its magnitude is
indeterminate.

2. Ordering of Vacancies in Fej o,

The system [OxFe, _xS has been the subject of a
rather large number of investigations. The question of
the vacancy distribution in those cases when their con-
centration does not correspond to a fully ordered struc-
ture,still remains unclear. The x-ray procedure cus-
tomarily used for the investigation of this system de-
scribes the crystal structure only from the point of
view of the long-range order singularities. Magnetic
measurements do not yield direct information on the
microstates of the iron ions. Short-range order effects
can be investigated only by procedures that are sensi-
tive to the singularities of the microstate of an individ-
ually taken atom or ion, particularly by the method of
nuclear y resonance.

The x-ray diffraction pattern of Fe, 44,5 (which is not
included here), can be interpreted as a sum of the dif-
fraction patterns of two phases (~ 80% hexagonal and
~ 20% monoclinic). But the y-resonance spectrum (Fig.
1b) is not a simple superposition of the spectra of the
purely hexagonal (Fig. 1c, Fe, 4,S) and monoclinic
(Fig. 1a, Fe, g,S) phases.

The experimental spectrum of Fe, 4,,S contains two
intense sextuplets that coincide with the components A
and C of the Fe, 4,5 spectrum (Fig. 1). These two
components correspond to iron ions with zero and two
vacancies, respectively. Thus, it can be assumed that

Characteristics * of y-resonance spectra of iron

sulfides
hfs Components I; \ Hj, kOe ‘ 8;, mm/sec Aj, mm/sec
Feg 318
A 1.34%0.1 305=3 +0.47+0.01 +0.31+0.03
B 1.00%£0.1 224+3 +0.450,02 +0.43£0.04
C 1.02+0.1 253+4 +3.44+0.02 -+0.31 0,04
Feo,0055
Ao 0.330.05 302+10 -+0.58-:0.05 +0.230.1
A, 0.44+0.05 274+10 —+0,58+0.1 +0.00+0.1
A 0.23+0.05 256106 +0.57x0.1 -4-0.30+0.1

*The intensities I; of the y-resonance spectra of the magnetically-nonequivalent iron

positions, the hyperfine magnetic fields H;, the isomer shift §; (relative to sodium nitro-

prusside), and the quadrupole splittings A;, obtained at 300°K.
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in the case of Fe, 44,5, these two types of surroundings
are most probable.

At the same time, for a random distribution of the
vacancies in the Fe,  ,,S composition, the probabilities
P, of the possible states of the iron ions with n vacan-
cies in the nearest surrounding are equal to P, = 0.32,
P, =0.42, and P, = 0.26. The three most intense compo-
nents should be in this case those corresponding to 0,

1, and 2 vacancies, and not to 0 and 2.

Indeed, besides the two noted components (A and C
components—0 and 2 vacancies), the spectrum contains
at least two more sextuplets. One of them has a hyper-
fine field value intermediate between 305 (0 vacancies)
and 253 (2 vacancies) kOe and corresponds obviously to
iron ions having one vacancy in the surrounding. The
first and sixth lines of this sextuplet lie between the
corresponding lines of the components A and C, lead-
ing to a deterioration in the resolution of the hfs spec-
tra. In addition, on the internal slopes of the lines of
component C one can see additional lines of the fourth
sextuplet with a hyperfine field value less than 240 kOe.
Obviously, this sextuplet pertains to the iron ions having
more than two vacancies.

The relative populations of the cation sites with dif-
ferent numbers of vacancies can be explained by assum-
ing that in the Fe, 44,5, at a corresponding concentration
of the intruded iron ions (on top of Fe,S,), the order of
the arrangement of the vacancies inside the cation layers
is violated completely or in part, but the alternation of
the layers with and without vacancies remains undis-
turbed (see Fig. 2).

We note that the iron ions located in planes contain-
ing vacancies retain the nearest-surrounding configura -
tion characteristic of the fully ordered structure. The
corresponding parameters of the hyperfine interaction
practically coincide with the parameters of the A com-
ponent of the hfs in Fe S, (Figs. la, b).

The described type of partly ordered structure ex-
plains the ferrimagnetism of Fe, 4,,S''! aund is con-
firmed by the measurements described below in an ex-
ternal magnetic field (item 4 of this section).

The seeming discrepancy between the x-ray diffrac-
tion and Mossbauer data can be attributed to the noted
singularities of the partially-ordered structure, which
make the interpretation of the diffraction patterns am-
biguous.

3. Vacancy Distribution in Fe,_ g4S

According to the x-ray data, Fe, o,S has a hexago-
nal structure. No monoclinic -phase impurities were
observed. The y-resonance spectrum differs strongly
from the preceding spectra and consists of several un-
resolved sextuplets with close-valued parameters.

A similar form of the spectrum was observed by us
for compositions starting with x = 0.096 (Fe,_ 4,45) and
below. Obviously, below a certain minimum vacancy
concentration, their ordered state is disturbed. The
small relative intensity of the A sextuplet is direct evi-
dence that the structure no longer contains alternating
layers with and without vacancies.

The y-resonance spectrum of Fe, .5 (Fig. 1c) is
approximated by a superposition of three sextuplets
with intensity ratio 0.33:0.44:0.23 (see the table). If
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the vacancies are randomly distributed, then the prob-
abilities of the appearance of 0, 1, and 2 vacancies
among the 12 nearest neighbors of iron are respectively
0.35, 0.42, and 0.23, in good agreement with the rela-
tive intensities of the components A,, A,, and A,, which
we ascribe to positions with 0, 1, and 2 vacancies. It is
remarkable that the hfs parameters of the correspond-
ing components of the ordered phase (Fe,_4,,S) and of
the disordered phase (Fe,,4005) (A and Ay, C and A,, see
the table) coincide.

4. Connection Between the Vacancy Distribution and
the Magnetic Properties of the System OyFe, _ xS

The magnetic properties of the system UgFe, _xS
were investigated by many researchers.!11-151 It has
been shown that the system has an uncompensated mag-
netic moment if the vacancies are ordered, and is anti-

ferromagnetic if the order of the vacancies is disturbed.

It is also known that the same composition can have
either an ordered or a disordered vacancy distribution,
depending on the temperature. These conclusions were
drawn from the jump of the magnetic susceptibility and
confirmed by x-ray investigations. Thus, the magnetic
and structural transformations are conjugated.

The use of external magnetic fields while plotting
the y-resonance spectra has made it possible to com-
pare the structure and magnetic properties of the sul-
fides investigated by us. The measurements were per -
formed at Heyxt = 17 kOe perpendicular to the propaga-
tion direction of the y quanta. The spectra (T = 300°)
are shown in Figs. 3a-c.

In the spectrum of Fe, 4,,S (ordered structure) there
is observed an increase of the hyperfine splitting of the
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FIG. 3. Gamma-resonance spectra of compounds of the system
OxFe; «S for different x in an external magnetic field Hey¢ = 17 kOe .

perpendicular to the y-quantum beam; T = 300°K. The symbols are
the same as in Fig. 1.
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A component and a decrease of this splitting for the B
and C components. It follows therefore that the mag-
netic moments of the B and C sublattices are parallel
to each other and are opposed to the moment of the A
sublattice.? The summary moment of the B and C sub-
lattices is larger than the moment of the A sublattice.

The results agree with the present notions concern-
ing the crystalline and magnetic structures of Fe,S,.t%7]
The system constitutes a sequence of ferromagnetic
planes of two types, including alternately either only A
cations or only B and C cations. The magnetic moments
of the planes of these two types have opposite direc-
tions (Fig. 2).

The variation of the spectrum of Fe;, 4,,S when the
sample is placed in an external magnetic field is simi-
lar (Fig. 3b). The hyperfine splitting of the A compo-
nent increases and the splitting of the remaining compo-
nents of the spectrum decreases. The lines become
broader. This also confirms the ferrimagnetic struc-
ture of Fe,, 4,5, which is a result of a layer -by-layer
ordered arrangement of the vacancies.

In the case of the antiferromagnetic Fe, 4,5 in an
external magnetic field (Fig. 3d), one observes the
broadening of the hfs lines typical of antiferromagnets,
without a shift of their centers of gravity. Each of the
three nonequivalent positions of the iron (Ao, A;, and A,
which differ in the number of vacancies in the nearest
neighbors), constitutes separately an aggregate of two
antiferromagnetic subsublattices. Missing from the spec-
trum of Fig. 3d are not only shifts of the hfs lines, but
also noticeable changes in their relative intensities.

The ferrimagnetic compounds UxFe, _ xS are char-
acterized by a sharply pronounced anisotropy of the
magnetic properties in the direction of the hexagonal
axis.? This explains, in addition to the line broadening,
also the fact that in an external magnetic field (Figs.
3a, b) the observed average shift of the hyperfine field
is

n/2

2
AH =2 j Hogic0s 0 d8 = > Hex
.T[D 1

where 6 is the angle between the magnetization of the
individual crystallite and the direction of Hext.

Let us note one more important feature of the inves-
tigated system. A decrease of the vacancy concentra-
tion in the ferrimagnetic compositions (Fe, g5 —0.9015)
leads to an increase in the average number of exchange
couplings per magnetic ion. This, in turn, should be ac-
companied by an increase in the exchange energy and
the Curie temperature Tc of the system. However, the
experimental data indicate the opposite: T¢ decreases
from 573°K for Fe,S; to 535°K for Fe, ,S.[!]

This regularity is obviously connected with the dis-
tinguishing features of magnetically-ordered interac-
tions in iron sulfides. As shown in [7»® the charge

DThe hyperfine field at Fe5” nuclei is negative [6].

DThe anisotropy energy in the direction of the c axis of Fe, Sg is
~ 107 erg/cm® [17], and cannot be explained in accordance with the
scheme of dipole-dipole coupling of the magnetic moments ['8]. The
souice of the magnetic anisotropy in this case may be the anisotropy
of the indirect exchange interactions. It follows directly from the ge-
ometry of the exchange couplings in the structure of Fe,Sg (see Fig. 2),
that the Fe-S-Fe indirect exchange coupling is realized between cations
in neighboring planes and is quite weak within the planes.
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state of the iron ions in nonstoichiometric Fe, _xS
compounds is close to Fe?*. Deviation of the composi-
tion from stoichiometric apparently leads to a uniform
distribution of the excess electric charge among the
cations.t?? It follows therefore that when the iron con-
tent in Fe, _4xS increases, the average charge de-
creases, and with it also the effective spin Sggp of the
iron ions. Apparently the effect of increasing the num-
ber of exchange couplings is offset by the stronger de-
crease of the energy of each individual superexchange
coupling as a result of the decrease of Sgg¢t.

The observed change in the temperature of the mag-
netic ordering can be explained on the basis of a quan-
titative analysis of all types of magnetic interactions in
which iron ions participate. We note here that the iron
ions in the sulfides OxFe,_x S also have other features
that distinguish them from the ¢‘ordinary’’ divalent iron
compounds (for example, a weak dependence of the iso-
mer shift and of the quadrupole splitting on the tempera-
turel #7),

5. Transformation of the Antiferromagnet—-Ferrimagnet
Type in Fe; o4 S

The connection and mutual influence of structural

 and magnetic transformations in the UygFe, _4S system
can be clearly illustrated with the example of the trans-
formation that occurs in Fe, 4, S at a certain tempera-
ture T, called the anti-Curie point. Such transforma-
tions are characteristics of the system in the interval
0.07=x = 0.09 and are transformations of the antifer-
romagnetic structure into a ferrimagnetic structure.t?
This transformation is connected with the ordering of
the vacancies and is reversible.t1s 14, 151

The phase Fe,, 44,8 is antiferromagnetic (the vacan-
cies are disordered) at room temperature, becomes
ferrimagnetic (the vacancies are ordered) at tempera-
tures from Ty =453°K all the way to the Curie point.
Such a phase was obtained by us after annealing the sam-
ple in an inert atmosphere at 489°K and subsequent
quenching in liquid nitrogen.

The spectrum of the quenched sample is shown in
Fig. 1d. Unlike the initial spectrum (Fig. 1c), in this
case there is splitting of the outermost hfs lines into
two components. In an external magnetic field Hext
= 17 kOe, one observes motion of the components in
opposite directions: the outer one moves towards in-
creasing hyperfine field, and the internal one in the op-
posite direction (Fig. 3d). This proves the presence of
ferrimagnetism in the quenched phase Fe, 4,,S and lay-
ered ordering of the vacancies. The structure of the
spectrum (Fig. 1d) and the character of its variation
(Fig. 3d) in an external magnetic field are very close
to the spectrum of Fe, 4,,S (Figs. 1b and 3b). We can
therefore conclude that at the temperature T, there oc-
curs a partial ordering of the vacancies, in analogy with
that present in Fe,, 4,,S at room temperature.

The quenched phase is metastable. Upon heating to
the transformation temperature Ty and subsequent slow
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cooling, the phase again becomes antiferromagnetic and
its spectrum becomes identical with the initial one (Fig.
1c). We note that storage of the quenched sample for
three months at room temperature also leads to a dis-
ordering of the vacancies and to a transition into the
antiferromagnetic state. On the other hand, the partially
ordered compositions Fe, g8, Fe, 50,5, and Fe, 44,8
are stable. An analogous heat treatment (heating to T,
with subsequent quenching or slow cooling) did not lead
to a vanishing of the ferrimagnetic state or to an ap-
preciable change in the form of the y-resonance spec-
tra.

The authors are grateful to L. Cher for useful dis-
cussions and for a computer reduction of certain spec-
tra, and also to V. I. Gol’danskii for interest in the
work.
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